Abstract-Reactive ion etching is a widely-used technique for fabricating via holes in polymer-metal multilayer interconnect structures. Reactive ion etching of thin film polymers was studied using Benzocyclobutene polymer and photoresist etch mask, in O 2 and SF 6 plasma. A design of experiments (DOE) was carried out with rf power, pressure, and SF 6 concentration as the design variables, with a constant total gas flow rate. The responses measured in this study were dc bias, etch rate, via angle, uniformity, selectivity, lateral etch rate, and etch cleanliness. The DOE revealed some complex relationships between variables. DC bias was a very important parameter for explaining the observed effects on etch rate, via angle, selectivity, and lateral etching. A simple model was formulated to explain the dependence of via angle on design variables. The etching characteristics of the photoresist mask affected not only the selectivity, but also the via angle and lateral etch rate. Due to conflicting requirements posed by the responses, optimization of the reactive ion etch (RIE) process involves many trade-offs which depend on the particular application.
I. INTRODUCTION
T HIN film polymer coatings are being increasingly used as interlayer dielectric for multilayer interconnect structures in integrated circuits and multichip modules [1] . Fabricating via holes in polymer films is a critical step in the multilayer process. The simplest via fabrication technique is to use photosensitive polymers and directly image the vias by photolithography. An alternative technique is wet etching the vias through a photoresist mask. Polymer materials that allow such simple processing often have trade-offs in material properties, and have limited flexibility in via profiles and allowable polymer thickness.
In multilayer interconnect structures, the via side wall angle has a significant effect on metal step coverage and the polymer thickness affects electrical isolation or coupling between metal layers. The plasma etch or reactive ion etch (RIE) technique of fabricating vias typically involves the most processing steps but provides the greatest process flexibility in via angle and height.
The polymer used in this study was divinylsiloxane benzocyclobutene (DVS-BCB) from Dow Chemicals. It is commonly referred to by its abbreviated form, BCB. BCB has excellent electrical, mechanical, and thermal properties which are well suited for multilayer interconnect applications [2] - [5] .
Previous studies on plasma etching of BCB showed a complex interaction between power, pressure and gas composition [3] . A "one variable at a time" approach for experimentation would require a large number of experiments and yet may not provide a complete picture. In contrast, design of experiments (DOE) is a systematic, mathematically sound approach which uses fewer experiments, requires rigorous but easy-to-use analytical techniques, and yields more information such as second-order interactions. Hence, a DOE was carried out on RIE of BCB.
II. BCB AND PHOTORESIST PROCESSING
A nonphotosensitive BCB formulation with 57% solids content was used in this work. It was spin coated on 4 in Si wafers at 1500 rpm and cured in a purged vacuum oven at 250 C for 60 min. The after-cure thickness was 10.5 m with (2% nonuniformity up to 5 mm from the wafer edge.
RIE of polymer films is commonly done with deposited metal or silicon oxide/nitride "hard mask." After deposition, the mask layer is patterned using standard photolithography and etching, and the pattern is then transferred to the polymer layer by RIE. After the RIE is completed, the mask has to be etched off without attacking the polymer or its adhesion to the substrate. A study of plasma etching of BCB with a metal hard mask has been reported previously [3] .
Since DVS-BCB contains Si in the polymer matrix, it requires fluorine chemistry ( or ) in addition to oxygen, for plasma etching. The presence of fluorine limits the range of hard mask materials that can be reliably used. Even where the hard mask selectivity is not a serious limitation, it still involves greater process complexity.
A simpler approach is to use photoresist "soft mask" [6] which eliminates the hard mask deposition, patterning, and stripping processes. The trade-off is that plasma readily etches the photoresist mask. This limits the usable polymer thickness depending on the photo process and the etch selectivity. Also, via dimensions increase due to lateral etching of the mask, but it can be factored into the design rules.
The photoresist used in this study was AZ4620 manufactured by Hoechst. Its high solids content of 42% results in a high viscosity of 360 centistokes which allows coating thickness up to 15 m in a single coat. The aim of this work was to develop the capability of etching up to 25 m thick BCB. The photoresist to BCB etch selectivity was expected to be about 1:1. Hence, a photoresist process was developed with two coatings for a final thickness of 28 m.
The photoresist was coated and baked on an SVG track system with edge bead removal after each coat. Both, oven and hot plate bakes, were successfully used after each coat to drive out the solvent. Hot plate bakes were preferred because of its compatibility with the automated track system. No waiting time was required between coats since there was no evidence of solvent intermixing between layers. However, the 28 m coating was highly stressed and so it was necessary to avoid temperature shocks in order to prevent cracking.
After the second bake, the wafers were allowed to equilibriate with the room humidity for 30-60 min. The wafers were aligned and exposed on a Canon aligner with a broad band Hg lamp. The exposure energy was 800 mJ/cm at 365 nm wavelength. Developing was also done on an SVG track system with AZ 400 K 3:1 developer. The develop time was 3 min. Depth:diameter resolution better than 3:1 was obtained by this process.
Post-develop bakes of these thick films often resulted in cracking problems at temperatures 110 C. A 110 C oven post-bake could be safely used to dry the film without cracking. There was some flowing of the photoresist during post-bake which resulted in greater lateral etching of the BCB. The etch selectivity between BCB and 4620 photoresist was found to be unaffected by the post-bake and so it was avoided in this study.
One goal of this study was to achieve 25 m via resolution for 25 m BCB thickness. Separate experiments were carried out that proved this capability. The test mask used in the DOE had an array of 605 m diameter vias on 760 m pitch. Such large features were selected for the DOE to facilitate sample preparation for viewing etch cross sections in a scanning electron microscope (SEM). Fig. 1 shows the edge of a 4620 photoresist feature. The resist thickness was 28 m and the side wall angle was 80-85 to the horizontal. The debris in front is from the sample preparation.
III. REACTIVE ION ETCHING
RIE of BCB was carried out in a Plasma Therm parallel plate etcher, with and as the reactant gases. Fig. 2 shows a schematic of the RIE system used in the experiments. The substrates were placed on the bottom electrode to which rf power (13.56 MHz) was applied. The top electrode was grounded and had a showerhead gas distribution system built in it. Diameter of the electrodes was 9 in.
The plasma is composed of positive ions, electrons, and neutral species. When an energetic electron strikes a neutral gas molecule, it can excite the molecule to a higher energy state. These energetic O and F containing molecules, known as free radicals, cause most of the chemical etching of BCB. A very small number of electrons have sufficient energy to completely knock an electron out of a molecule thus creating a positive ion.
During the negative half of the rf cycle, positive ions from the plasma are accelerated toward the bottom electrode. As electrons are consumed at the electrode to neutralize these positive ions, the electrode develops a positive charge. During the positive half of the rf cycle, electrons are accelerated toward the bottom electrode which develops a negative charge. The response time of electrons is much faster than that of the ions due to their smaller mass, and so many more electrons are accumulated during the positive cycle than are consumed during the negative cycle. This negative charge build-up soon starts to self limit as it starts repelling electrons during the positive cycle and attracting ions during the negative cycle. At steady state, there are equal number of electrons and ions striking the electrode during each cycle. The steady-state negative dc voltage developed between the bottom electrode and the plasma is called the self-bias or dc bias voltage ( ); it is shown in Fig. 2 . A comprehensive treatment of glow discharge plasmas and their applications can be found elsewhere [7] .
The dc bias voltage increases with increasing rf power. As the system pressure decreases, mean free path of the charged particles increases and hence the dc bias is higher. As the dc bias increases, there is greater physical bombardment of the substrate by positive ions. This effect is more anisotropic than chemical etching. Hence, the physical bombardment by positive ions not only increases the etch rate but also affects via angle and lateral etching, as will be shown later.
IV. DESIGN OF EXPERIMENTS
To keep the DOE manageable, three design variables were used in this study: rf power, system pressure, and concentration in the gas mixture. The variable ranges were 100-300 W power, 100-400 mTorr pressure, and 5-15% concentration. These ranges were set from previous screening experiments. Outside of these ranges, the limitations were either plasma stability, pumping speed, mass flow controller accuracy, or degradation of photoresist mask.
The total gas flow rate was not varied in the DOE. However, it was important to ensure an adequate supply of reactive species for etching. Typically, the etch rate was higher at the wafer edge than at the center due to local gas phase depletion and the total gas flow rate needed to be high enough to counteract this depletion effect, particularly for . Screening experiments were carried out at constant power, pressure, and concentration, and with a full load of wafers to maximize gas depletion effects.
The effect of total gas flow on BCB etch rate is shown in Fig. 3 . There was a 10% increase in etch rate from 50-80 sccm total gas flow, and a 5% increase from 80-100 sccm. The etch uniformity improved from 50-80 sccm and did not change from 80-100 sccm. Ideally, the total gas flow rate should be fixed where both etch rate and uniformity level off. This may not always be possible depending on the specific system constraints.
For the RIE system used in this study, a total gas flow of 100 sccm corresponded to flow of 85-95 sccm which was at the high end of the mass flow controller range, and flow of 5-15 sccm which was at the low end of the mass flow controller range. Hence, the total gas flow rate was fixed at 100 sccm for this DOE.
The DOE was set up using RS/Discover® from BBN Software Products Corporation. The three factors were power, pressure, and concentration. A quadratic model with central composite faced (CCF) design was selected based on recommendations by the software and previous DOE results [3] . Orthogonal scaling was used which set each factor at the highest, lowest, and mid value of the range. The software generated a list of 20 experiments, 15 separate ones, and five repeat experiments.
The responses tracked in the DOE were: etch rate, dc bias, via angle, etch uniformity, etch selectivity, lateral to vertical etch ratio, and via cleanliness.
Each etch experiment was interrupted in the middle to measure the residual BCB thickness in the vias with an interferometer. Since the initial BCB thickness was 10.5 m, this measurement as a function of etch time gave the BCB etch rate. The remaining etch time was then adjusted to allow complete BCB etching with 5-10% overetch to clean out the bottom of the vias. This procedure ensured a consistent end-point of each experiment. After each etch experiment was completed, the residual resist plus BCB thickness was measured in the vias with a profilometer. The residual resist thickness was then calculated from the known BCB thickness. This measurement was also verified in a scanning electron microscope (SEM). Since the initial resist thickness was 28 m, these measurements gave the resist etch rate. The ratio of resist and BCB etch rates gave the etch selectivity.
The SEM was also used to measure the side wall angle and the final via diameter. Note that all via angles were measured with respect to the horizontal and the diameter was measured at the bottom of vias. The final via diameter measurement along with the initial diameter of 605 m, gave the lateral etch rate of BCB.
SEM photographs of residue at the bottom of vias were used to compare the relative cleanliness of the various etches. This was quantified on a scale of 1-10 with "1" having the most residue and "10" being the cleanest. Note that a wet etch is sometimes used at the end to clean out the plasma etch residue, but it was not factored into this analysis.
The values of the responses from each experiment were input into RS/Discover and models were generated interactively for best fit of the data. Stepwise regression technique was used to determine which terms were significant and should be included in the models. Models for dc bias, etch rate, lateral etch, and via cleanliness ended up with only linear terms whereas via angle, uniformity, and selectivity included nonlinear terms. Power transformations were not found necessary for any of the models to improve the fit of the data. The and adjusted values for the models were around 0.9 showing that the models were good representations of the data. Various graphical options were then used to visualize and study the model results; representative contour plots are shown in Section V to depict the results in a simple format.
V. RESULTS

A. DC Bias
As described in Section III, dc bias is the steady-state, negative voltage ( ) developed between the powered electrode and the plasma. Fig. 4 shows a contour plot of dc bias as a function of power and concentration for constant pressure of 250 mT. Higher rf powers and hence higher fields lead to greater acceleration of charged particles and greater probability of ionization during a collision [7] . The increased ion and electron flux then leads to greater charge build-up on the powered electrode and higher dc bias. Hence, Fig. 4 shows an increased dc bias with increasing power. For the same charge, species with a higher mass undergo a lesser acceleration which leads to a smaller flux and hence lower dc bias. Hence, Fig. 4 shows a decreased dc bias with increasing concentration. Beyond the minimum pressure required to sustain the plasma, higher pressure and the corresponding lower mean free path leads to increased energy loss from collisions and hence lower dc bias. At 200 W and 10% concentration, as the pressure was increased from 100 to 250 to 400 mT, the dc bias decreased from 340 to 205 to 118 V.
Even though it is not independently controlled, dc bias is a very important parameter in RIE. It causes acceleration of positive ions from the plasma toward the powered electrode and results in physical sputtering of the surface. This will be used later on to explain the effects on BCB etch rate, via angle, etch selectivity, and lateral etch rate. Fig. 5 shows a contour plot of BCB etch rate ( m/min) for the same conditions as in Fig. 4 . Higher powers result in increased generation of reactive radicals and hence greater chemical etching. Higher power also causes greater acceleration of ions due to greater dc bias and hence greater physical sputtering. Hence, the overall etch rate is a strong function of power. Fig. 5 also shows that increasing the concentration above 5% inhibits the BCB etch rate. Since the chemical etch rate of BCB is negligible in the absence of F, the optimum concentration must be between 0 and 5% for maximum etch rate. Due to mass flow controller limitations as discussed in Section IV, concentration was not included in the DOE.
B. Etch Rate
Pressure has two opposing effects on etch rate. As the pressure is decreased, the dc bias increases (as explained previously) which increases the etch rate by increased sputtering. On the other hand, the density of radicals and ions is less at lower pressures which leads to lower etch rates. Fig. 6 shows a small increase in etch rate at lower pressures implying that the increased dc bias effect is greater than the decreased density effect.
The relationship between etch rate and dc bias is shown in Fig. 7 for all the DOE data. There is a general increasing trend but the wide spread in the data shows that the values of power, pressure, and concentration are individually important and their effects cannot be lumped together in the single parameter of dc bias.
C. Via Angle
In general, a shallower side wall slope gives better metal step coverage but the trade-off is an increased via dimension at the top and hence reduced interconnect density.
Step coverage for a unidirectional metallization technique such as evaporation is more sensitive to the via angle than for an omnidirectional technique such as sputtering. Fig. 8 shows a schematic of the development of a sloped side wall in the photoresist and BCB layers using a highly simplifed model of an isotropic etch process. In Fig. 8(a) , point B in the photoresist projects the maximum solid angle or "field of view" of the plasma; hence, it has the highest etch rate. As the etch progresses, point B moves rapidly inwards creating a facet in the photoresist. Point C also moves inwards due to lateral etching, but at a slower rate. Eventually, the etching produces the fully developed sloped profile in the photoresist as shown in Fig. 8(b) .
BCB etching is also going on simultaneously, both vertically and laterally. Since the resist covering region C is very thin, there is increased vertical etching of BCB and point C now moves rapidly to the left. Since the lateral movement of C is faster than E, the BCB too develops a side wall slope. Eventually, the lateral movement of C and E become equal and the BCB now has a fully developed profile. If the BCB is not thick enough, this equilibrium situation may not be attained. If the etch rates of photoresist and BCB are approximately equal, then the side wall of the photoresist and BCB will be continuous at equilibrium (as shown in Fig. 9 ). While, this is a highly simplified model, it helps in understanding the relationship between etch conditions and side wall slope.
If the effects of dc bias are added to the model, the vertical component of the etch at all points will increase due to increased physical (ion) etching while the chemical (neutral) etching remains unchanged. Point B will move inwards even faster and the fully developed profile of the photoresist will be attained faster. The vertical etching at point C will be greater which will cause C to move more rapidly inwards. The same is true for point E but to a lesser extent and the end result is a shallower slope in BCB. Thus, a greater vertical etch component actually produces a more isotropic etch result if you use a soft mask. This result is the opposite of that with a hard mask, ie. greater vertical etch component results in a more anisotropic etch [3] . Fig. 9 shows an example of a shallow side wall angle ( 22 ) in BCB. The resist is still on top of the BCB and has about the same angle as the BCB. The etch conditions were 300 W, 400 mT, and 5% with a relatively high dc bias of 255 V. Fig. 10 shows an example of a steep side wall angle ( 82 ) at the top of the via. Although the bottom edge of the via still has a gradually decreasing slope, it becomes more vertical with increasing overetch. The etch conditions were 100 W, 250 mT, and 10% with a relatively low dc bias of 53 V. Note also that in this case, the resist and BCB have different profiles. Fig. 11 shows contours of via angle as a function of power and concentration for constant pressure of 250 mT. Low powers and high concentrations result in low dc bias and hence steeper slopes as described earlier by the simple model. A comparison of Figs. 5 and 11 shows that conditions that promote high etch rates and also result in shallow via angles. Once again, this is only true for a "soft mask" process; a "hard mask" process gave opposite results [3] . The etch rate was always higher at the wafer edge and gradually decreased toward the center indicating a local gas phase depletion effect. Since the uniformity improved with increasing flow (Fig. 12) , depletion of F radicals must be the limiting factor for uniformity.
D. Etch Uniformity
In general, higher powers and the corresponding higher etch rates cause greater depletion and hence worse uniformity. Fig. 12 also indicates some improvement in uniformity at higher powers, maybe due to a more uniform plasma. Lower pressure and the corresponding higher gas velocity reduces gas phase depletion effects and hence improves uniformity. This effect of pressure on uniformity is stronger at higher powers where the depletion effect is greater. For example, at 300 W and 10% concentration, decreasing the pressure from 400 to 250 to 100 mTorr, improved the uniformity from 14 to 7.5 to 6%, respectively.
E. Etch Selectivity
Selectivity was defined as the ratio of etch rates of photoresist to BCB and the aim was to achieve as small a value as possible. Fig. 13 shows a contour plot of etch selectivity as a function of power and concentration for constant pressure of 250 mT. Selectivity decreased (improved) with increasing concentration. Recall that BCB etch rate also decreased with increasing concentration (Fig. 5 ). This implies that the photoresist etch rate decreased even more rapidly than BCB etch rate with increasing concentration. At 300 W and 250 mT, as the concentration increased from 5 to 10 to 15%, the photoresist etch rate decreased from 1.87 to 1.16 to 0.68 m/min. Since the flow rate changed very little over this range, must have either scavenged the available or promoted some chemical inhibition reaction at the photoresist surface.
At high powers, the relative etch rate of photoresist was enhanced due to higher DC bias and greater depletion. At low powers the BCB etch rate decreased more rapidly than the photoresist etch rate. Intermediate values of power gave the best selectivity. Pressure showed no effect on selectivity under any set of conditions. Fig. 8 showed the proposed mechanism of lateral etching of photoresist and BCB. Note that the lateral etch rate of BCB was measured by dimensions at the bottom of the vias to separate this effect from the via angle. The extent of lateral etching is very different between soft (erodible) and hard (nonerodible) mask processes. Very fine resolution or very tight control on via dimensions may be difficult with an erodible mask like photoresist. On the other hand, photoresist mask makes the process much simpler and is adequate for many applications.
F. Lateral to Vertical Etch Ratio
Fig. 14 shows a contour plot of lateral to vertical etch ratio as a function of power and concentration for constant pressure of 250 mT. Higher power and lower and concentration result in higher dc bias and greater physical etching in the vertical direction relative to the lateral direction. However, the ratio is still everywhere in Fig. 14 , ie. the lateral etch rate of BCB was always greater than the vertical etch rate. A combination of data from Figs. 5, 13, and 14 showed that the lateral etch rate of photoresist was also greater than its vertical etch rate.
It has been shown previously that the 5-15% concentration used in this DOE greatly inhibited the vertical etch rates of BCB and photoresist. From Fig. 14 , it would seem that this inhibiting effect of was more severe along the top surfaces of BCB and photoresist than along their side walls. A possible explanation is that the inhibiting effect of is primarily caused by ion bombardment which is greater on the top surfaces of BCB and photoresist than along their side walls.
G. Etch Cleanliness
This was an indicator of etch residues at the bottom of vias and was quantified on a scale of 1-10, higher numbers representing cleaner vias. Most etch residue is generated by a localized masking effect caused by redeposition of sputtered materials or etch byproducts. For anisotropic etches, the localized mask has a strand of polymer below it which engineers affectionately called "grass." Fig. 15 shows an improvement in via cleanliness with increasing power probably due to physical sputtering of the localized masking areas. In general, higher concentration and higher pressures gave cleaner vias by promoting more lateral etching which basically "cut the grass." 
VI. CONCLUSION
A study of reactive ion etching of thin film polymer coatings was carried out. Benzocyclobutene polymer and photoresist soft mask was used in the study. A design of experiments was set up with rf power, pressure, and concentration as the design variables and their effect on etch rate, dc bias, via angle, uniformity, selectivity, lateral etching, and via cleanliness was analyzed.
The dc bias was strongly affected by all three design variables. Etch rate was a strong function of power. A simple model was presented to explain the results of via angle and lateral etching. It was shown how a greater vertical etch component actually produces a shallower via angle due to etching of the photoresist mask. It was also shown that the lateral etch rate was greater than the vertical etch rate. The requirements of high etch rate and good etch uniformity had opposite effects on the design variables. Higher concentration inhibited photoresist etching and thus improved the etch selectivity. Higher values of power, pressure, and concentration reduced the amount of etch residue at the bottom of vias.
Due to the complex interactions between the design variables and conflicting requirements posed by the dependent variables, an optimization strategy for RIE will necessarily involve trade-offs depending on the specific application. If the BCB layer is not very thick, etch rate and etch selectivity will be less important. If sputtered metallization is used in the multilayer process, the process will be less sensitive to the via angle. If the via dimensions are not very fine, lateral etch rate is less of a factor. Etch uniformity and cleanliness are generally important factors and are also the ones which most depend on the specific reactor configuration and type of substrates being etched.
High concentration gave good uniformity, cleanliness, and selectivity, and covered a range of via angles and lateral etching; however, it also resulted in lower etch rates. High power gave high etch rates, less lateral etching, and cleaner and shallower vias; however, the uniformity was average and the selectivity was relatively poor. Low pressure gave better uniformity and shallower angles but more etch residue; pressure did not have a strong effect on etch rate, selectivity, and lateral etching. From the above analysis, one possible set of optimum conditions would be high concentration (15%), intermediate power (200 W), and intermediate pressure (250 mT).
